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CISLUNAR ELECTRON CONTENT AS DETERMINED
BY RADAR GROUP DELAY MEASUREMENTS

Abstract

An earlier, preliminary report [Howard et al, 1965] described an

experimental radar technique for measuring differential group delay to
the moon with an accuracy of 10 pusec and presented results of 5 measure-
ments, Since that time, the 25 and 50 MHz radars at Stanford have been
modified to improve power output and time resolution and, through the
months of July and August, 1965, were used to determine cislunar elec-
tron content during 55 lunar meridian transits. Ionospheric electron

contents, determined by the Faraday rotation on 136 MHz signals from

tracted from each radar determination of total content.

The results of this experiment reinforce the earlier conclusion
that there are two distinct regions beyond the plasmasphere, In the
general direction of the sun where most of the radar path is beyond the

shock wave boundary, the average electron number density is very low:



11 + 30 cm—3. Within the solar wind wake of the earth, in the quadrant
opposite the sun, the columnar content from approximately L RE to the

moon is h.9 t1.2x 1O16 electrons m_2. If this content were spread evenly
along the path, it would imply a number density of 120 * 30 cm-3. The
wake density and possibly its shape appear to change on a day to day

basis,

Introduction

Lunar radar measurements of group delay on two frequencies were
used in December 1964 to deduce cislunar electron content in several
directions relative to the sun, The conclusions drawn from the work

[Howard et al, 1965] were that in the quadrant opposite the sun, or the

region known as the magnetospheric tail, the average cislunar electron
density above the ionosphere is as high as several hundred per cubic
centimeter and that toward the sun the density is much lower,

The experimental technique is based on the fact that radar-signal
round-trip time is related to the distance from the radar to the moon

and the mean square plasma frequency over the radar path [Eshleman et

i}_’ 196O] by —

f02
T=T0<l+ 2>,f>>fo
of

where T 1is the propagation time, To the free space delay time, £

the radar frequency, and f02 the mean square plasma frequency.

The plasma frequency is related to the electron density through

f e _c?r N/n = 80.6 N
o e

-1
where ry is the classical electron radius (2.8178 x 10 > meters),




and N is the number of electrons per cubic meter,
1t follows that for a round-trip time to the moon of 2.6 sec and

a radar frequency of 25 MHz, the extra delay caused by an average of

3

100 electrons cm - along the entire path is 16,8 psec. Thus T0 must

be known to a precision of one part in 106 if a meaningful comparison

is to be made, This need for absolute precision can be circumvented if

the measurement is simultaneously performed on two frequencies f and

1
f2’ so that a relative delay can be measured, The delay difference will
then be ;—g
o
1 1
17 T2 =T (fz"fz)
1 2

For the Stanford radars with fl = 25 MHz and f2 = 50 MHz, the differ-

ential delay T1 - T2 caused by an average electron number density of

100 cm 3 along the cislunar path would be 12,6 usec.
"

Experiment Description

Both the December 1964 measurements and other radar work [Yoh et
al, 1966] demonstrated that the solar and anti-solar cislunar regions
are distinctly different; however, the accuracy and quantity of data
available were insufficient to draw a detailed picture. For this rea-
son, special exciter and receiver equipment was constructed based on
frequency synthesis techniques developed by another group in the Stan-

ford Radioscience Laboratory [Barry and Fenwick, 1965].

Briefly, the two radars are simultaneously swept in frequency at
the rate of 1 Hz every 10 usec over a 100 kHz band, After transmitting

in this mode for the approximate round-trip time of 2.6 sec, receivers



are connected to the antenna for the same length of time. During this
latter time the receiver local oscillators are swept in frequency in an
identical manner to the transmit sweep. The resulting beat note between
the lunar echo and the swept oscillator is recorded on magnetic tape.
The tape is then re-recorded to compress the data by a factor of 32 be~
fore processing on a Spectran spectrum analyzer,

A sample spectrum analyzer output for a 2-hour run is shown in
Fig, 1. The axis labeled "Relative Time Delay" is actually a combina-
tion of range, R, and range rate, ﬁ. The reason for the skewed appear-
ance is that the 24,9 MHz curve in R + ﬁ while the 49.8 MHz curve is
R - ﬁ. In reducing the data, ﬁ is computed to find AR or, when con-
verted to time, T, - T2°

With the signal strengths received and the resolution available
in the spectrum analyzer, it is possible to scale differences with an
accuracy of ¥ 2.5 psec for each point, In terms of columnar electron
content, this is % 0.8 x 1016 electrons m_2, or when spread over the
entire earth-moon path, a number density of 20 cm_3. Daily measure-
ments can be made for about 1-1/2 hours with approximately 15 scalings
accomplished at 5-minute intervals,

The uncertainty caused by roughness of the lunar surface is con-
siderably larger as can be seen from the second-to-second jaggedness of
the individual echoes in Fig. 1. It is also felt that ionospheric
roughness or blob structure accounts for longer term (minutes) variation
in echo range, Using 15 measurements as an average number, the error

contribution of the moon-medium-equipment combination is approximately

+ 12 psec per measurement or * 3.1 pusec, In terms of electron content
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this is T 25 em 3 or *1 x10'° electrons m 2,

Recent criticism of this and other radar methods of measuring
electron densities [Scarf, 1966] also needs to be considered, The argu-
ment has been advanced that coherent electron density fluctuations could
severely modify propagation constants. On the other hand, Hagfors [1966]
has demonstrated that, even in the unlikely circumstance that operating
wavelength and density fluctuation scale size were to coincide, the
total effect would be less than 1% and would be in the direction of
decreasing radar measured content rather than in the increase originally

postulated. Thus, it would appear that any such effectvwould be well

masked by other measurement noise,

Path Definition and Description

For purposes of this paper the term ionosphere will be used to
describe that region up to the transition between oxygen and lighter
elements at roughly, K 1000 km, Above the transition region and to the
plasmapause or "knee" will be called the protonosphere with due regard
to the dominant role of ionized hydrogen, The entire region, combining
ionosphere and protonosphere, is then called the "plasmasphere",

All of the discussion of densities to follow is based upon the
radar path to the moon through the medium, This presentation distorts
the usual vertical-content diurnal curve for the ionosphere but gives
a much clearer picture of the remaining cislunar medium, as will be
seen in the following sections, Since the plane of the lunar orbit is
inclined to the ecliptic by approximately 5 degrees, the moon can be

located above or below the ecliptic by about 5 RE at its range of 60 RE‘




The intersection of the two planes is known as the line of the nodes
and the position of the ascending node for the data period precessed
from 0600 to 1000 local time, Thus, during the majority of this time,
the moon was below the ecliptic when in the magnetospheric tail, with
the maximum downward displacement located between the 0100 and 0300
directions, This means that the nighttime radar path penetrates the
ecliptic plane at about 10 RE' For the period under discussion, the
moon's elevation was a maximum (77.6°) between 1000 and 1200 local time
and a minimum (26.2°) between 2200 and 2400 hours. Therefore, the path
length through the earth's ionosphere was twice as long (sec X =2 for
a 4OO-km layer height) near midnight as it was near noon, The calcula-
tion of protonospheric content also takes this factor into account by
stopping integration at the L-shell value equivalent to an equatorial
knee position of L RE’

A diagram of the path geometry for both the day and night cases
is presented in Fig, 2 as an aid to visualizing the relation between

the radar path, the equatorial and ecliptic planes, and the plasmasphere,

Ionospheric Measurement

Since the radars measure content over the entire cislunar path,
the plasmasphere'!s contribution must be subtracted if conclusions are
to be made about the interplanetary and wake density, The ionospheric
part of the path can be obtained in several ways, such as bottomside
and topside sounding, radar Faraday, electron backscatter and various
satellite Doppler and Faraday measurements, For this experiment, Fara-

day rotation on the 136 MHz signals from Syncom III was used to deduce
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ionospheric content [Garriott et al, 1965], The ngx ambiguity in

measuring polarization, equivalent to 3.96 X 1016 electrons m_2, was
removed by using the C-2 vertical incidence ionosonde located on the
Stanford campus,

Syncom was recorded continuously and an average content calcula-
ted for each period corresponding to the radar measurement time, These
data were supplied [Smith, 1966] in the form of vertical columnar con-
tent at the subionospheric point which, during this time, was located
at 33.60 N and l3h.90 W. Since the radar observations occurred around
local moon transit time, the radar path subionospheric point varied
from approximately 300 N to 36.50 N along the 121.5o W meridian, Longi-
tudinal differences were minimized by comparing radar and Syncom data
at the subionospheric point local time, Details of the Syncom analysis

are contained in the literature [Garriott et al, 1965]. It is impor-

tant to note that though the integral extends along the entire path,
it is heavily weighted at the lowest altitudes due to the r_3 behavior
of the earth's magnetic field and the rapid decrease in electron hum-
ber density with height,

Comparison of these results with those obtained from Faraday
measurements on S-66 at 1000 km shows that the Syncom Faraday method
produces somewhat higher numbers, During the period under discussion
17, S-66 passes analyzed averaged 10.2% less than the Syncom contents.
Nighttime passes are generally about 15% low while those taken during
the day are within 5%. This agrees well with the amount of rotation
expected above 1000 km based on the protonospheric models discussed

in the next section, Since the content above 1000 km is treated separ-



ately, the Syncom Faraday contents have been adjusted downward by 1.2 x 101
-2
electrons m to agree better with ionosonde and Beacon satellite data,
Analysis of the errors involved shows that the overall measurement

accuracy expected is approximately 10 degrees in polarization angle or

+ 0.4 x lO16 electrons m—g.

Protonospheric Measurement and Calculation

In the previous work, no attempt was made to remove electron con-
tent between 1000 km and the plasmapause from the results., Since it is
clear that this region can account for a significant fraction of the
integrated content, two different techniques have been used to compute
its contribution,

First, the columnar content has been calculated based on a diffu-
sive equilibrium, hydrogen-only equatorial model [daRosa, 1966]. This
model assumes an electron number density of 6 x lO3 cm-3 at 1000 km and
the total content is calculated along the radar path to the L-shell
value for a 4 RE knee position, It has been found that this content is
relatively insensitive to knee position and is much more dependent upon
temperature, Since not enough is presently known about the diurnal vari-
ation of T, to choose a correct temperature for each time of day, a
single value of 15000 K was selected as being reasonable in the anti-
solar direction., Total contents derived from this calculation are 2
and 3 x 1016 electrons m—2 in the solar and anti-solar directions, re-
spectively,

A careful investigation of the effect of a fixed temperature and
the hydrogen-only model has shown that the nighttime values are reason-
able, and, if anything, high by 10%. Conversely, the dayside values are

10
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not realistic for both the temperature and density assumed could be
incorrect by a factor of two,
For this reason, a second approach was tried based on Alouette I

data [Chan et al, 1966; Thomas et al, 1966] and excellent whistler

data available for several days during the period [Angerami, 1966].
The night-side computation is again straightforward, for a similar model
is assumed and the Alouette data yield an identical 1000-km content to
that used previously. On the day side, however, a 1000-km electron num-
ber density of 25 x 103 cm—3 has been selected from the Alouette data
as being representative, It should be noted that the most extensive
data available are for Alouette passes taken at Stanford in the summer
of 1963, These data have been compared with Ottawa data for the summers
of 1963 and 1965 [Colin, 1966] and no consistent differences were found,
In general, the densities appear relatively unchanged over the period
of investigation and the total effect possible on the protonosphere
calculation was less than 15%. A further comparison with Explorer
XXII Langmuir probe results [Brace, 1966] shows that the assumption of
no significant change between 1963 and 1965 1000-km densities is well
justified, Using the Alouette density and a somewhat more complete
model, a computation of dayside content yields 3.05 x 1016 electrons m—2.
Thus, it has been concluded that, for the period in question, the
protonospheric content was very close to 3 x 1016 electrons m—2 along
the radar path on both the night and day sides, This apparent indepen-

dence of solar direction is caused by a large difference in radar path

zenith angles from night to day.

11




Experimental Results

In the following figures, a local time scale is used, This time
can be interpreted as longitude in the geocentric solar ecliptic system
as viewed from the north ecliptic pole since the data were taken a lunar
meridian transit, Thus, noon is toward the sun and midnight is in the
anti-solar direction, Error bars on individual plots reflect the pre-
ceding discussions of measurement and computation accuracy,

Figure 3 is a plot of the radar minus Syncom Faraday results for
each period of operation, Starting with the first run on June 25, the
content can be traced through two lunations by following first the
solid line and then the dotted line ending on August 26, From this fi-
gure it is very tempting to draw an analogy with the tail of a comet in
the manner suggested by the IMP magnetometer [gggi, 1966]. The day-to-
day and month variability are dominating features of this figure, while
the difference in behavior between the solar and anti-solar directions
is evident.

Figure L is the same daily data with the two months interlaced,
The total spread is unchanged but the directional behavior is even more
evident, Each daily point represents approximately 1-1/2 hours of radar
aqdrsyncom data, The data points in this figure have been used as the
basis for the remaining figures where a 5-point running mean is plotted
for individual radar and ionospheric measurements,

Figure 5 presents the radar measured group delay expressed as
earth-to-moon columnar content, For comparison purposes, the Syncom
ionospheric content and that calculated for the protonosphere are also

shown, Comparison of the radar and Syncom curves shows that much of the

12
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detailed behavior is due to the ionosphere while there is a gradual in-
crease in spread between them, beginning at 1500, reaching a maximum
Jjust after midnight and decreasing until 0900, It should again be em-~
phasized that the values plotted are those along the path, not vertical
contents,

Figure 6 is a plot of cislunar electron content above the plasma-
pause as a function of time, It was arrived at by subtracting the 5-day
running mean value of Syncom-Faraday deduced ionospheric content and cal-
culated protonospheric content from the total value as measured by the
radar., In other words, it is the amount left over after subtracting the
two lower curves from the upper one of Fig, 5. It is very obvious here
that daytime and nighttime behavior are quite different and that, in the
anti-solar direction, the content above the plasmasphere is much greater
than when looking toward the sun, One interpretation of this content is
shown on the right-hand abscissa where columnar content has been divided
by radar path length to give an average volume density.

The points in Fig, 6 are plotted in polar coordinates in Fig. T to
more clearly demonstrate the results, The directional dependence of
columnar content above the plasmapause is an outstanding feature of this

figure. The average content between 0900 and 1500 hours is 0.04 x 1016

-2 . . 16
electrons m ~ while between 2100 and 0300 hours, it is 4,9 x 107 elec-

-2
trons m —,

Discussion
Examination of the experimental data makes it clear that electron
content between the ionosphere and the moon is much larger in the anti-

solar than in the solar direction, Even if the estimated errors combined

16
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to reduce the content in the anti-solar direction alone, this directional
behavior would still be evident,

The radar and Syncom results are individually straightforward
enough that the error limits assigned are thought to be realistic, The
major uncertainty still lies in the protonosphere where no direct mea-
surements through the region have been made, Recent advances in whistler
technique and the availability of 1965 data have made it possible to cal-
culate the portion between 4000 km and the knee with a high degree of

accuracy [Angerami, 1966; Carpenter, 1966; Angerami and Carpenter, 1966].

These calculations invariably show that, independent of radar path zenith
angle and knee position, content between LOOO km and the knee is less
than 1 x 1016 electrons m—g. Thus, the largest contribution to the to-
tal protonosphere calculation lies in the 1000 to L4000 km region where
no direct measurements are available for the period in question,
Confidence in the contents calculated for the 1000 km to 1.5 RE
portion of the path are highest in the anti-solar direction where the
radar path closely parallels or crosses the equatorial plane, This con-
fidence is enhanced by the knowledge that the 1000 km densities and
temperatures are known and that the diffusive equilibrium model ade-

quately describes behavior in this region [Angerami and Carpenter, 1966].

In the solar direction, however, the protonosphere computation is
more difficult for three reasons: 1) while the 1000 km density is still
known, the radar path is always well above the equatorial plane, 2) it
is difficult to assign a realistic temperature to the medium, and 3) the
dominance of hydrogen can no longer be assumed, However, the fact that

the interplanetary density remaining in the solar direction is a small

19



number and that the positive and negative excursions of this number lie
within the error limits gives assurance that the numbers derived are
meaningful, This same fact adds considerable strength to conclusions
reached for the anti-solar direction,

Comparison of the previously mentioned lunar radar work by Yoh et
al [1966] with additional protonosphere calculations further reinforces
these conclusions, In the above paper, day- and night-side contents
were deduced from combined Doppler and Faraday records, The data were
taken during the winter of 196h when the daytime path was nearly parallel
to the equatorial plane and the nighttime path was well above it--just
the reverse of the situation shown in Fig, 2., Calculation of protonos-
phere electron contents for this geometry yields 5 and 2 x 1016 elec-
trons m—2 for the day and night sides respectively, When these numbers
are subtracted from the radar results, the day—sidé content becomes
very small, while that remaining in the anti-solar direction is between

3 and 4 x 1016 electrons m-2.

Conclusions
These radar results in the solar direction agree well with whistler
data which suggest a very low density beyond the knee [Carpenter, 1966]

and with the plasma [Wolfe, 1066; Lazarus et al, 1966] and radio propa-

gation [Eshleman et al, 1966] experiments on board the Pioneer VI space-

craft, The general agreement between the 3 very different Pioneer mea-

surements is striking with an average interplanetary electron number

density of less than 10 cm_3

emerging strongly. The average from radar
measurements between the hours of 0900 and 1500, though very rough, is

11 ¥ 30 em ™3,
20



In the anti-solar direction, the situation is considerably differ-
ent, Based upon present understanding and with the knowledge that it is
impossible to specify distribution along the path, the conclusion to be
drawn from the data is that the average columnar content in the magnetos-
pheric tail from approximately L RE to the moon is 4.9 T1.2x 1016 elec—-
trons m_2. If this content were spread evenly along the path, it would
imply an electron number density of 120 * 30 cm_3. Confidence in the
protonosphere calculation is highest in this direction and is bolstered
by the fact that the more complicated dayside model yields reasonable
results, Careful consideration of the measurement techniques and de-
tailed analysis of the plasmasphere's contribution to the overall con-
tent has failed to reveal any more reasonable interpretation of the data,

This result does not fit well with recent theoretical work [Dessler
and Michel, 1966], for it is difficult to explain such a high concentra-
tion, either by transporting plasmasphere electrons into the tail or by
compressing solar plasma, Magnetometer measurements on IMP I identify
a neutral sheet region [Ness, 1966] and it has been demonstrated [Axford
EE_El} 1965] that such a region requires the presence of plasma to main-
tain pressure equilibrium, The particle densities possible using these
theories, however, are 3 to 10 times less than the radar measurements
described here suggest.

Since the difference between theory and measurement is so large,
it is important to note that the weakest facet of the radar result lies
in the protonosphere calgulation between 1000 and 4000 km, While the
1000 km densities are well known at certain times, there are very few

direct measurements through the region and the density behavior with

21



height is not well enough understood to completely eliminate the possi-
bility that a fraction of the observed content could be found within the
protonosphere, 1In all likelihood, it will be a small fractdion because
-3

if the assumed electron number density of 6 x 103 cm were to extend

undiminished to LOOO km, the integrated content would be only 1.8 x 1016
electrpns m—e while the model used yields 1.2 x 1016 electrons m_2. It
is, however, important that direct experimental results such as those
obtainable by various radio propagation experiments on board the EGO and
ATS earth satellites be obtained, S8uch measurements, when combined with
whistler and Alouette data, could completely and accurately define this
region,

On the other hand, the close agreement between theory and measure-
ment on the day side strongly suggests that the anti-solar proponosphere

model is correct and that present plasma models of the maghetospheric

tail are inadequate to explain its observed characteristics,

22
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